Abstract: Magnetorheological fluids (MRF) are considered as smart material since the behavior of the fluid is interrelated with external magnetic field. The rheological behavior of the fluids is changed whenever the strength of magnetic field changed. One of the applications of MRF is Magnetorheological damper (MRD), a damper that can be controlled by magnetic field. Analytical model of the damper is important in order to understand the performance of MRD. Different types of model that depend on defined parameters were introduced by previous researchers, and investigation on those parameters is crucial to acquire a model with least value of error. A technique called nonlinear least squares fitting method is utilized in order to obtain those parameters. This study investigated five different MRD models and presents the result for parameter estimation for each model as a function of input current.
Introduction
Magnetorheological (MR) damper has been regarded as one of the most promising latest technologies. MR damper implemented the usage of special fluid called Magnetorheological Fluid (MRF) where the rheological properties of this fluid can be controlled by external magnetic field [1] . In normal condition where no magnetic field is present, the behavior of MRF is in free flowing fluid state. At this state, MRF exhibits Newtonian-like behavior. The behavior of MRF changes from free-flowing fluid to semi-solids with controllable yield strength whenever the external magnetic field is present [2] . When an external magnetic field is present, the MRF particle will form linear chains parallel to the field due to the dipole moment of particle aligned with the magnetic field. This will solidify the MRF and restrict the movement of the fluid [3] .
Few types of model were developed to represent the behavior of MR damper. Some of the famous models are the Bingham model, Simple Bouc-Wen model, Modified Bouc-Wen model, Hyperbolic Tangent Function model and Nonlinear Biviscous model [1] . To design an optimal MR damper model so that the behavior of the model is most identical with the behavior of the MR damper, some reliable parameter values are needed [4] . Parameter estimation of an MR damper model with varying input current was done since the magnetic field is directly proportional to the current [5] . However, there is not much empirical study on the parameter estimation with varying input current for all the models mentioned above [6] - [8] . This research is focused on parameter estimation with varying input current for the five different models.
Magnetorheological (MR) Damper Model

Bingham Model
Bingham model is proposed based on the rheological behavior of MR fluids [9] . The damping force of the Bingham model can be referred to (1) .Frictional force, fc is related to the fluid yield stress that depends on the applied field, while offset force, fo is a stored energy or accumulator's effect produced from the excitation of the disturbance. co is damping coefficient, ẋ is the input velocity and F is the output force measured from the MR damper [9] . Bingham model however, only considers the behavior of the MR fluid in the post-yield region but not in the pre-yield region where the fluids assumed to be rigid. Thus, Bingham model is not suitable to be used for dynamic application due to the lack in describing the fluid's properties at low shears rates and small deformations [10] .
Simple Bouc-Wen Model
Equation (2) is the damping force for the Simple Bouc-Wen model. α is a scaling value of MR damper related to material yield stress [11] , co and ko are damping coefficient and spring stiffness respectively, and xo is initial displacement of MR damper due to accumulator effect [1] . Evolutional variable z is hysteretic deformation of the damper. A, β, γ and n are Bouc-Wen parameters to control the shape of the hysteresis loop. Additionally, those parameters are also used to control the smoothness of the transitions from pre-yield to post-yield region [7] .The prediction of simple Bouc-Wen model is better compared to Bingham model since it better resembles the behavior of the damper. Still, this model does not totally represent the MR damper since it cannot describe the behavior of the nonlinear force-velocity response at yield region [12] .
Modified Bouc-Wen Model
Equation (4) is the damping force for the Modified Bouc-Wen model. y is the internal displacement of damper [1] . k1 represents as accumulator stiffness of the damper with xo as initial displacement due to the accumulator effect [12] . co and c1 are damping coefficients at large velocity and low velocity, respectively. This modified model improves the accuracy of estimation of MR damper behavior compared to the Simple Bouc-Wen Model [1] ; however another problem arises due to difficulty in estimating the extended number of model coefficients. This problem is happened due to the assumption of linear relationship between model coefficient and the applied current [12] . Nonlinear relationship between applied current and unknown model coefficients should be implemented for better estimation of the model coefficients [13] .
Hyperbolic Tangent Function Model
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Equation (7) is the damping force for the Hyperbolic Tangent Function model. co and ko are damping and spring coefficients respectively. Effect of the accumulator of the damper is represented as offset force, fo. α is the scale factor of the hysteresis and z is the hysteretic variable. Β and δ in hysteretic variable are damper parameters in controlling the shape of the hysteresis loop. β is the scale factor in controlling the hysteretic slope and δ is the scale factor in controlling the width of the hysteresis loop [6] . A constant α is used to control the height of the hysteresis and offset force is used to shift the whole hysteresis loop. This model is better from the perspective of controller design, parameter identification and implementation [13] .
Nonlinear Biviscous Model
This model assumes that MR fluids are behaved as plastic in both pre-yield and post-yield region. cpre and cpost are the damping coefficient for pre-yield and post-yield respectively. cpre is always bigger than cpost (cpre>cpost) which can be referred from Fig. 1 .Fy is the yield force while ẋy is the yield velocity. The disadvantage of this model is its disability to perform well with varying input excitation current [1] . 
Parameter Estimation for Varying Current
This section is to estimate the parameter of MR damper model by comparing the model with experimental result. LORD RD-8041-1 damper is tested by using Universal Testing Machine (UTM). The force applied on the damper is in downward motion and the experiment is repeated for a few times with different value of input current. The experimental setup with MR damper and force response from the test is shown in Fig. 2 . Note that, three components are kept constant which are input piston velocity (ẋ = 500 mm/minute), n parameter (n = 2) and initial displacement of piston (xo = 37 mm). Input current applied on the damper are from 0 to 1 Ampere. Nonlinear least square fitting method is used for parameter estimation using MATLAB [14] . The parameter is fitted with different input current, and errors from all models are compared to determine the most suitable model to represent the behavior of MR damper. The parameter estimation equations for five models can be referred to Table 1 and the estimation errors  are summarized in Table 2 . The curve fitting graph between model parameter and input current can be referred to Fig. 3 . The relationship between model parameter and input current is investigated in order to know the pattern between model parameter and varying input current. The result showed that the relationship between parameter value and input current mostly is nonlinear. This is due to the nonlinear behavior of MR damper itself. The parameter value also can be estimated directly from the estimated equations within 0 to 1A of input current. 
The precision of the curve fitting technique represents as R-squared. The determination ranges of R-squared are from zero to one. The regression line perfectly fits the data if and only if R-squared is one. The curve fitting result for all models are considered perfectly fit since the value of R-squared for each model is almost equal to one (Table 2) . Selection of optimal model is important in order to represent the real behavior of MR damper in mathematical form which will be used in controller design. Better controller design due to better MR damper model selection will improve the performance of the MR damper. Selection of the model is done
